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Abstract

The mitochondrial protein frataxin plays a central role in mitochondrial iron homeostasis, and
frataxin deficiency is responsible for Friedreich ataxia, a neurodegenerative and cardiac disease
that affects 1 in 40000 children. Here we present a single-particle reconstruction from cryoelectron
microscopic images of iron-loaded 24-subunit oligomeric frataxin particles at 13 and 17 A
resolution. Computer-aided classification of particle images showed heterogeneity in particle size,
which was hypothesized to result from gradual accumulation of iron within the core structure.
Thus, two reconstructions were created from two classes of particles with iron cores of different
sizes. The reconstructions show the iron core of frataxin for the first time. Compared to the
previous reconstruction of iron-free particles from negatively stained images, the higher resolution
of the present reconstruction allowed a more reliable analysis of the overall three-dimensional
structure of the 24-meric assembly. This was done after docking the X-ray structure of the frataxin
trimer into the EM reconstruction. The structure revealed a close proximity of the suggested
ferroxidation sites of different monomers to the site proposed to serve in iron nucleation and
mineralization. The model also assigns a new role to the N-terminal helix of frataxin in controlling
the channel at the 4-fold axis of the 24-subunit oligomer. The reconstructions show that, together
with some common features, frataxin has several unique features which distinguish it from ferritin.
These include the overall organization of the oligomers, the way they are stabilized, and the
mechanisms of iron core nucleation.

Iron is one of the central elements required for the functioning of living organisms (1). It is
often found within prosthetic groups in the active centers of many enzymes and oxygen
carrier proteins. Despite its abundance in the Earth’s crust, however, iron is not easily
available to organisms. At physiological pH and in the presence of oxygen it mainly exists
in a biologically inert state as Fe(l11), which is characterized by extremely low solubility
[approximately 10710 M and 10718 M for Fe(ll) and Fe(I11), respectively]. On the other
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hand, the Fe(ll) state is highly active chemically and may promote the generation of highly
toxic compounds, commonly referred to as reactive oxygen species (ROS),1 capable of
causing severe damage to biological material (2). For these reasons living organisms require
molecular mechanisms for acquisition, safe transportation, delivery, and detoxification of
iron. The conserved ferritin, Dps (DNA binding proteins from starved cells), and frataxin
families of proteins have a critical role in iron storage and detoxification in the cytoplasm
and other cellular compartments (3-6). The importance of frataxin in iron homeostasis was
first demonstrated by the observation that development of the hereditary autosomal disease
Friedreich ataxia (FRDA) is linked to mutations in and dysfunction of frataxin (7). FRDA is
a progressive disease of children and adolescents and is characterized by neurological
impairment, cardiomyopathy, and diabetes mellitus. The majority of patients with FRDA
have been recognized to have extensive GAA repeats in the first intron of the frataxin-
encoding gene, which leads to abnormal DNA structures and impaired gene transcription,
causing frataxin deficiency in cells and aberrations in cellular iron homeostasis (8).

Proteins from both the frataxin and ferritin superfamilies have been shown to assemble into
large multimeric particles capable of detoxifying iron by catalyzing the oxidation of Fe(ll) to
Fe(lI11) and storing large amounts of the metal in the form of a ferrihydrite mineral within the
core of the particles. The functional particles of ferritin, which are capable of storing up to
4500 iron atoms, are built up of 24 monomers arranged in 234 symmetry (3, 4). Dps
monomers are arranged in 23 symmetry and built up of dodecameric particles capable of
storing up to 500 iron atoms (9). In contrast, frataxin and its bacterial homologue CyaY may
exist in several oligomeric states in solution, with varying amounts of stored iron (10, 11). In
the case of yeast frataxin, the iron-dependent assembly has been suggested to proceed
through several stable intermediates: @ — az — ag — aj2— apg — agg (12, 13). The
largest oligomers can contain up to 2400 iron atoms (12, 13). Stabilization and stepwise
assembly of yeast frataxin oligomers have been suggested to be mediated by interactions
between the ferrihydrite crystallites, formed at separate mineralization sites. This suggestion
is supported by the observation that yeast frataxin oligomers can be readily disassembled
into monomers upon reduction of their ferric iron core (14). Unlike yeast frataxin, human
frataxin assembles in an iron-independent manner, presumably via subunit—subunit
interactions mediated by the unconserved N-terminal region of the protein (15).

Sequence and three-dimensional structure analysis of ferritin and Dps clearly suggest
evolutionary relationships between these two families, but not with the frataxin family.
While ferritin and Dps monomers are folded into a fourhelix bundle, frataxin is folded into
an a—f sandwich structure in which two helices are packed against a five-stranded [3-sheet.
Despite these structural differences, several features of the frataxin oligomer structure show
striking similarities to the ferritin superfamily. Among these is the arrangement of
monomers within the particles into trimers, which creates a highly negatively charged
channel at the 3-fold axis, and the charge distribution on the side of the oligomers that faces
the inner core of the particles (16). One of the specific features that distinguish frataxin from
the ferritin superfamily is its unique ability to deliver iron to other proteins within the
mitochondria. Among these is ferrochelatase, the terminal enzyme of heme biosynthesis (14,
17-19), the scaffold protein IscU, which initiates the assembly of iron—sulfur clusters (20),
and mitochondrial aconitase, which needs iron for the repair of its ISC (21). Frataxin has
also been shown to interact with succinate dehydrogenase, a component of mitochondrial
complex Il (22), while one of the subunits of complex | was found to be a structural
homologue of frataxin (23). In this paper, we present single-particle reconstructions of two
forms of the iron-loaded 24-subunit oligomeric frataxin from cryo-EM images. The results

LAbbreviations: ROS, reactive oxygen species; Dps, DNA binding proteins from starved cells; FRDA, Friedreich ataxia; ISC, iron—
sulfur cluster; EM, electron microscopy; CTF, contrast-transfer function.
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provide the first structural insight into the gradual accumulation of iron in the core of
frataxin.

EXPERIMENTAL PROCEDURES

Protein Preparation

The Y73A variant of frataxin from Saccharomyces cerevisiae, which included residues 52—
174 corresponding to the mature form of the protein (24), was expressed as a recombinant
protein in Escherichia coli and purified as described previously (16). This variant of yeast
frataxin assembles in an iron-independent fashion into trimers and 24-subunit oligomers.
Iron loading of the 24-subunit oligomer was accomplished using the same procedure as
described previously (12, 13).

Cryo-EM Data Acquisition and Image Processing

Two-microliter aliquots of protein solution (with a concentration of 0.1 mg/mL) were
applied to glow-discharged Quantifoil R 2/4 400-mesh copper grids (Canemco & Marivac,
Jena, Germany) in the humidity-controlled environment of a Vitrobot (FEI Co., Eindhoven,
The Netherlands) at 100% humidity and a temperature of 16 °C. After adsorption for 40 s,
excess solution was removed by blotting with a filter paper, and the specimen was flash-
frozen in liquid ethane, cooled with liquid nitrogen. Images were acquired under low-dose
conditions (10-15 electrons/A2) using a JEOL 2100F transmission electron microscope
equipped with a field-emission gun and operated at an acceleration voltage of 120 kV.
Image data were recorded onto SO-163 film (Kodak, Rochester, NY) at 50000x
magnification. The micrographs were digitized using a Zeiss SCAI scanner, resulting in a
sampling size corresponding to 1.4 A/pixel at the specimen level. Selection of particles was
performed automatically in Boxer, which is part of the Eman program package (25), by
using image dimensions large enough to prevent cutoff of high-resolution information
spread outside the boundaries of the particles. The CTF was parametrized individually for
each micrograph in Ctfit (25), by using the averaged power spectrum calculated from the set
of 256 x 256 pixel images periodically boxed over the micrograph with a 50% overlap
between each image. Correction for the contrast inversions was performed simultaneously
with a careful up-weighting of high-frequency components by applying a Wiener filter to
each defocus group using the commands tf ¢ and tf ctsin Spider. Translational alignment,
using only integer shifts, to avoid interpolation artifacts, was performed in EMAN before
reducing the image dimensions to allow for ~30% background padding around the particles
and applying a Gaussian mask. After translational alignment and compression by
correspondence analysis, the images were clustered according to the radial symmetry
eigenvectors describing the variation in iron core size. For this, we used hierarchic ascendant
classification as implemented in Spider (26, 27). There were five classes describing the main
variations in size. These were subsequently merged into two main classes for further
processing (Figure 2). Three-dimensional (3D) reconstruction was performed on iron core
size-invariant groups using angular reconstitution as implemented in the EMAN software
package (25). The octahedral symmetry was applied in the combined alignment and
reconstruction algorithm in EMAN, which converged after three refinement cycles. Both
data sets showed an even angular distribution, with data points present in the entire Euler
angle space. For the data set containing the large particles, 1777 out of 3495 particles/
images were used for the final reconstruction, and for the small particle data set, 12464 out
of 16497 particles/images were used. The resolution of the reconstructions was determined
according to the 0.5 Fourier shell correlation criteria. Validation of the final reconstructions
was accomplished by comparing class averages with projections of the 3D reconstructions in
the same angular orientation (see Figure 4). Docking of the trimeric X-ray structure (PDB id
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2FQL) into the low-resolution EM envelope was performed manually in Chimera (28).
Rendered images were generated in either Chimera (28) or PyMOL (29).

RESULTS

Reconstruction of Particles

As shown in the micrographs in Figure 1, the iron cores of the frataxin oligomers could be
directly observed as dark density in the centers of the individual particles. This is a result of
the higher amplitude/phase contrast ratio of the iron core, as compared to the surrounding
protein material (Figure 1). It became clear even at the stage of the initial processing of the
images that the particle population was highly heterogeneous in size, which seemed to be a
result of the variations in the size of the iron core. After compression in factor space by
using correspondence analysis, radial symmetric eigenvectors were selected for hierarchic
ascendant classification of the only translationally aligned population (30). The octahedral
point-group symmetry was inferred from eigenimage analysis which revealed 2-, 3-, and 4-
fold symmetries in the seventh, eighth, and fourth eigenvectors (Figure 2). The first
eigenimage describes the size variation within the population. Classification based on this
eigenvector resulted in five classes representing the main variations in size. The results of a
systematic calculation of the pairwise differences between the two-dimensional (2D) class
averages are presented in a schematic diagram shown on Figure 3. The three first classes had
a smaller size with approximately 185 A in diameter, compared to the large-particle classes
which had approximately 195 A in diameter. The classes containing small and large
oligomers were assigned 16497 and 3495 particles, which was 82.5% and 17.5%,
respectively, of the total number of particles (19992). Two individual 3D reconstructions
were generated from the two particle subsets. The higher amplitude/phase contrast ratio for
the iron core compared to the surrounding protein material limits the accuracy of the CTF
correction of the micrographs. This limitation, together with the apparent polydispersity of
the material, accounts for the limited resolution of the reconstructions compared to what
would be expected from cryo-EM. Thus, the resolution of the reconstructions was estimated
to be 17 and 13 A for the large and small oligomer classes, respectively, using the 0.5
Fourier shell correlation criteria (31,32). However, as mentioned below, the relatively
“loose” packing of trimers in the oligomers may also limit the resolution of the
reconstructions. Comparison of the 2D class averages with projections of the final 3D
reconstruction in the same orientations showed good agreement (Figure 4). The above-
mentioned experimental limitations also prevent the resolution of any details of the iron
core, apart from its size and general appearance.

Description of Reconstructed Particles

The reconstructions representing two iron-loaded Y73A yeast frataxin 24-subunit oligomers
are shown in Figure 5A. It can be seen that the main difference between the two volumes is
the size of the iron core, while the outer radii of the particles are essentially similar. In
contrast to the previous reconstruction from negatively stained images, the present
reconstructions from cryoimages clearly show separated trimers with very few contacts.
This observed mode of packing of trimers would probably allow a relatively high degree of
rotational freedom of the trimer, which may in turn result in breakage of the strict octahedral
symmetry, thus limiting the resolution of the reconstruction. A comparison of the trimer
densities from the two reconstructions shows that, at the present resolution, the structural
organization of the monomers within the trimers is identical (Figure 5B). This was further
confirmed by docking of the X-ray structure of a trimer into both cryo-EM reconstructions
(Figure 6A,C). The trimers could be fitted into the density without any need for major
adjustments of the structure. An interesting feature of the model built on the basis of this
docking is the close proximity of the putative ferroxidation site of one trimer (residues H74,
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D78, D79, D82, and H83) to the area of the neighboring trimer, which by analogy with
ferritin has been suggested to be associated with the nucleation site of the ferrihydrite
mineral (residue E93) (Figures 6B,D and 7) (16,33). It can also be seen from the figures that
this is the only area where the density of the reconstruction suggests close contacts.

The X-ray structure of the trimer, in which the N-terminus of each monomer interacts with
the neighboring monomer (16), and the packing of trimers docked into the present
reconstructions strongly support earlier biochemical data on the importance of the N-
terminus for trimer formation and for the stabilization of larger oligomeric frataxin
structures (15). The analysis of the present reconstruction shows that the N-terminus is
located very close to the pore at the 4-fold axis of the particle and, thus, may control
entrance into the inner space of the particle. Although one must take into account that nine
residues at the N-terminus of each monomer in the X-ray structure could not be built into the
electron density due to a high degree of disorder, it still appears that the opening along the 4-
fold axis is too large to allow the N-terminus to mechanically prevent any ions from
entering. The surface around the pore is built up mainly by charged amino acid residues.
Analysis of the electrostatic surface potential at the inner and outer sides of the protein
monomers around the pore shows interesting differences: seen from the iron core, the
electrostatic surface potential is positive, while on the outer surface, it is highly negative
(Figure 8).

DISCUSSION

Previous analysis of the iron core of yeast frataxin has identified the mineral as ferrihydrite,
which also constitutes the iron core of ferritin. However, these experiments suggested that in
frataxin the iron core is less condensed and less well ordered (33). Thus, in the case of horse
spleen ferritin high-resolution micrographs have revealed highly ordered regular lattice
fringes inside the protein complex (3). The polydispersity of the iron-loaded particles of
yeast frataxin, which apparently depends mainly on the size of the iron core, clearly suggests
a gradual increase in the iron content of the oligomers. This is also supported by the
observation that particles with very small iron cores, or even without any visible iron cores,
could be found within the population (data not shown). On the other hand, the size
distribution of the particles also indicates that only a small fraction of the population has
reached the limit of its iron accumulation capacity. These results provide the first structural
insight into the process of building up the iron core of yeast frataxin and indicate that,
similar to ferritin, frataxin oligomers may be involved in iron exchange between particles.
They also show that the Y73A variant of the protein, which assembles in an iron-
independent fashion into 24-subunit oligomers, may acquire and store iron. It cannot be
excluded that the preassembly of the particles may affect the iron-loading kinetics and
capacity of the oligomers, compared to that of the native yeast frataxin. In this case, iron-
loading capacity was estimated to be in the range of 50-75 iron atoms per subunit for a 48-
subunit oligomer (33).

The packing of the trimers within the particles suggests that the oligomers are stabilized by
weak interactions between trimers. This is in contrast to ferritin particles, which are
stabilized by extensive hydrophobic and polar interactions between the individual subunits
within the oligomer. This suggests that the contribution of the iron core itself to the
stabilization of the particles, e.g., through interactions with the nucleation sites, may play a
more important role in frataxin, as compared to ferritin (14). The arrangement of the trimers,
which brings the oxidation and nucleation sites into close proximity, would allow the trimers
to cooperate during iron oxidation and storage, thus facilitating the iron-dependent self-
assembly of yeast frataxin. In the case of ferritin the functions of iron oxidation and
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nucleation are performed by the different subunits of the oligomer, H and L, respectively (3,
4).

In contrast to ferritin in which the pore at the 4-fold axis is highly hydrophobic and probably
has a minor role in metal trafficking, the negative surface potential at the outer side around
the pore in frataxin may allow positively charged ions to enter the core of the particle, while
the positive surface potential at the inner side would prevent these ions from escaping into
the mitochondrial matrix. Although the pore in frataxin seems to have a larger diameter than
the pore in ferritin, large-pore ferritin oligomers have been observed in the
hyperthermophilic archaeon Archaeoglobus fulgidus (34). It cannot be excluded that the
surface around the pore at the 4-fold axis may also be used for binding proteins that may
interact with frataxin. Thus, yeast ferrochelatase, one of the functional partners of frataxin,
has a positively charged area around the porphyrin binding cleft (35). This surface could be
used in interactions with the negatively charged surface around the pore of the 24-subunit
frataxin particle.

Altogether, the presented results show that while there are some common features between
frataxin and ferritin, such as the general symmetry of the particles, the presence of pores at
the 3- and 4-fold axes of symmetry, the construction of the pore at the 3-fold axis, and
charge distribution on the surface around this pore (35), there are also some marked
differences. The most important among these are probably the more “loose” packing of the
trimers within the oligomers and the different character of the pore at the 4-fold axis. The
effect of these common features and differences on the mechanism of iron storage and
detoxification by frataxin still needs to be elucidated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Examples of boxed particles used in the reconstruction. The iron core is visible as a high-
density dark object inside the lighter protein density.
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Figure 2.

Images of the first eight eigenvectors calculated from correspondence analysis. The first
vector describes the size variation in the population and was used to create the size-
dependent classes. The remaining seven vectors show the different symmetry elements
present in the population. All three axes of rotation of the octahedral point group, 2-, 3-, and
4-fold, can be distinguished. This symmetry operation was applied in the alignment and in
the subsequent reconstruction used to calculate the two 3D volumes.
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Figure3.

Evaluation of the five different classes of particle size after compression in factor space,
size-directed classification, and averaging. The five class averages are aligned vertically to
the left (A) and horizontally at the bottom (B). They are systematically compared to each
other by image subtraction (A1 — B1, A2 — B1, etc.), which illustrates the size difference
between the averages. The first three class averages were considered to represent one iron
core size (small), and the two remaining classes were considered to represent a second iron
core size (large).
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Figure4.

Validation of the final reconstructions was performed by comparing class averages with
projections of the 3D reconstructions in the same angular orientation. (A) represents the
validation for the large reconstruction and (B) for the small. For each pair the images in the
left columns are projection images of the final reconstruction, while the images in the right
columns are class averages of the individual classes used to make the final reconstruction.
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Figure>5.
3D reconstructions of the iron-loaded 24-subunit oligomeric yeast frataxin Y73A. The dark

red volume represents the iron core of the complexes. The larger reconstruction (blue) is
visualized close to the 3-fold axis in (A) and along the 4-fold axis in (B). The small
reconstruction (cyan) is also shown in the direction of the 3-fold axis (C) and along the 4-
fold axis (D). A cross section through the large (E) and small (F) reconstructions showing
the iron core (dark red) of the particles.
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Figure6.

Docking of the trimeric X-ray structure into the large (A and B) and small (C and D) iron-
loaded frataxin reconstructions. (A, C) The trimer contacts are close to the ferroxidation
sites (marked by a black box). (B, D) Close-up of the interface between neighboring trimers.
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Figure7.
Individually docked trimers in the small EM reconstruction visualized close to the 2-fold

axis as surface renderings. The ferroxidation sites are outlined in red, revealing their
proximity to the interface between the trimers.
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Figure8.
Distribution of electrostatic surface potential around the 4-fold axis of symmetry of the

particles. The channel is created mainly by the N-terminal a-helix. The figure shows the
positive surface potential at the inside of the particle (A) and the negative surface potential
at the outer surface (B). The approximate distances (in A) between the helices from different
monomers at the channel are also shown.
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